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Abstract - The organic matter rich Oligocene Menilite black shales and mudstones are
widely distributed in the Carpathian Overthrust region of southeastern Poland and have
excellent hydrocarbon generation potential, according to TOC, Rock-Eval, and petrographic
data. Extractable organic matter was characterized by an equable distribution of steranes by
carbon number, by varying amounts of 28,30-dinor-hopane, 18α(H)-oleanane and by a
distinctive group of C24 ring-A degraded triterpanes. The Menilite samples ranged in maturity
from pre-generative to mid-oil window levels, with the most mature in the southeastern
portion of the study area. Carpathian petroleum samples from Campanian-Oligocene
sandstone reservoirs were similar in biomarker composition to the Menilite rock extracts.
Similarities in aliphatic and aromatic hydrocarbon distributions between petroleum
asphaltene and source rock pyrolyzates provided further evidence genetically linking
Menilite kerogens with Carpathian oils.
Keywords: Poland, Carpathian Mountains, Menilite shale, steranes, hopanes, tetracyclic
terpanes, source rock-oil correlation, thermal maturity
INTRODUCTION
The Carpathian Overthrust in southeastern Poland contains a 5000 m sequence of
Lower Cretaceous to Oligocene strata. It is an area of complex Alpine tectonism, the
principal structural subdivisions being, from northeast to southwest, the Skolska, Slaska,
Dukielska and Magurska nappes (Fig. 1). Potential petroleum source rocks include several
black shale units noted by Ksiazkiewicz (1968) and exposed in outcrop, most notably the
Aptian-Albian shales (named Spaskie in the Skolska nappe and Lgockie in the Slaska nappe ,
the Paleocene Majdan beds and the Lower Oligocene Menilite beds (Fig. 2). Menilite beds
outcrop much more frequently than those of the older units, and include black shale, dark
gray mudstone, gray shale, gray marl, sandstone and chert, all of marine origin, with an
average aggregate thickness of about 250 m (Gucik et al., 1973; Gucik, 1980; Kotlarczyk and
Jerzmanska, 1988). In the subsurface, Menilite beds can occur as deep as 6 km due to
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overthrusting and tectonic thickening (Konarski, 1986), which should be more than sufficient
burial for thermal maturation.
Petroleum is found in sandstone reservoirs throughout the sequence: 1) Lower
Cretaceous Wierzowskie and Lgockie beds, 2) Campanian Istebnianskie and Inoceramowe
sandstones, 3) Paleocene and Eocene Ciezkowicki sandstones, 4) Eocene Hieroglifowe
sandstone, 5) sandstone within the Oligocene Menilite beds (Wsrodmenilitowe), and 6)
sandstones in the Oligocene Lower Krosnienskie beds. Of these, the Istebnianskie and
Ciezkowicki are the most important. Cumulative petroleum production from the area is ca.
5.6 X 106 t (Karnkowski, 1986).
I. Lukasiewicz began commercial exploitation of petroleum in the Carpathians in
1854, following his invention of the kerosene lamp and development of a method to refine
crude oil. Although there has been oil production in the area for over 140 years (Depowski,
1970), there have been few studies of the organic geochemistry of the region (Badak, 1966;
Gucwa and Wieser, 1980). Gucik (1980) discussed the oil shale potential of the Oligocene
Menilite beds and Kotarba (1987) chemically characterized natural gases produced in the
Carpathians. Kruge and others (1991) presented the preliminary results of a molecular
organic geochemical study. Koltun (1992) discussed the organic richness and thermal
maturity of Menilite shales in Carpathians of neighboring Ukraine. Ten Haven and others
(1993) reported details of oil composition, including stable carbon isotope and biological
marker data, from both the Polish Carpathian Overthrust and the Carpathian Foredeep to the
north. They also presented a more limited discussion of potential source rocks. In contrast,
our project emphasized source rock aspects, using molecular geochemistry and organic
petrology to relate the maturity and facies of organic-rich rocks to the petroleum occurrences
and complex structural geology of the region.
METHODS
Of the 26 outcrop samples collected for this study (Table 1), 22 were from the
Oligocene Menilite beds (Skolska, Slaska and Dukielska nappes , 2 were from the Paleocene
Majdan beds (Dukielska nappe) and 2 were from the Aptian-Albian Spaskie beds (Skolska
and Slaska nappes ). In the rugged and heavily-wooded terrain of the Carpathian Mountain
region, good outcrops are rare, especially of the Paleocene and Aptian-Albian strata. Most of
the outcrop samples were collected in stream beds in the summer of 1990, during a period of
dry weather, while the stream water levels were low. This allowed access to recently-eroded,
relatively fresh surfaces, normally under water. The Menilite black shales and mudstones are
often siliceous and as such are more resistant to weathering than normal clay shales,
increasing the chances of obtaining fresh samples from outcrop. To improve the geographic
coverage, several of the samples were taken from weathered roadcuts and one Menilite
sample was obtained from an oil well conventional core (Table 1). Oil samples were
collected at well sites in the Krosno area, at the center of the Carpathian Overthrust
petroleum province. The stratigraphic designations of the sampled reservoirs are given in
Figure 2 and Table 2.
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Fig. 1. Map of the study area showing sample type and location, as well as important
tectonic and geographic features. See Tables 1 and 2 for sample descriptions. Note that
Samples 3 and 4 were collected from the Dukielska nappe, mapped as a small fenster near
Folusz.
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Fig. 2. Generalized stratigraphic column for the Cretaceous and Tertiary of the Polish
Carpathian region. Stratigraphic position of oil and rock samples were shown. See Tables 1
and 2 and Fig. 1 for sample type and location.
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Table 1. Sample identification, location, lithology, total organic carbon (TOC), extractable
organic matter (EOM), Rock Eval and vitrinite reflectance data for Carpathian rock samples.
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The sectors used to describe sample locations (Table 1) are based on a geographical
subdivision of the map (Fig. 1) into Cartesian quadrants, with the origin midway between
Komancza and Cisna. They are used simply for convenience, as samples within sectors were
found to share common geochemical features. The sectors are defined independently of the
nappes; for example, Sample 5 (northwest sector) and Sample 17 (southeast sector) were both
collected from outcrops in the Dukielska nappe.
Once in the laboratory, after removal of any oxidized rind, the rock samples were
powdered and submitted for Rock Eval pyrolysis and total organic carbon (TOC)
determination (Coulametrics Total Carbon Analyzer). 30-50 g aliquots of the powdered
rocks were extracted with CH2Cl2 by sonication (50 mL X 3). The extracts and crude oils
were fractionated by open column liquid chromatography (activated silica gel, eluting with nC6H14, n-C6H14:CH2Cl2 9:1, CH2Cl2, and CH2Cl2:CH3OH 1:1, giving the saturate, aromatic
and two polar fractions respectively). The saturate and aromatic fractions were analyzed by
gas chromatography/mass spectrometry with a 25 m OV-1 column (0.2 mm i.d., film
thickness 0.33 µm), initially held at 100° C for 10 min, then programmed from 100 to 300° C
at 3° min-1, then held at 300° for 18 min, using a Hewlett Packard 5890A GC coupled to an
HP 5970B Mass Selective Detector with an ionizing voltage of 70 eV, in selected ion
monitoring mode.
For isolation of asphaltenes, about 100 mg of crude petroleum were mixed in an
excess of n-hexane (≈100 mL) and chilled for one hour. The mixture was then passed
through pre-extracted (CH2Cl2) Whatman glass microfiber disks, using vacuum filtration.
The filter discs, containing the asphaltenes, were repeatedly rinsed with fresh n-hexane and
finally extracted with CH2Cl2. The extracts were then dried and weighed. Asphaltenes and
powdered, CH2Cl2-extracted shale samples were analyzed by pyrolysis-gas
chromatography/mass spectrometry, using a Pt coil pyrolyzer (CDS 120 Pyroprobe) attached
to the same GC/MS system described above. For these analyses the GC oven was equipped
with a 50 m HP-1 column (0.2 mm i.d., film thickness 0.33 µm) and programmed as follows:
isothermal for 5 min. at 40°C, then increased to 300° at 5°/min., where it was held for 20
min. The MS was operated in full scan mode (50-550 Da, 0.86 scans/sec.).
Chips of unextracted rock were encapsulated in epoxy and polished using standard
coal preparation techniques, as described by Stach et al. (1975) and Bustin et al. (1985). A
Leitz MPV II microscope with 50X oil immersion objective (both white light and fluorescent
mode) was used in optical studies. Reflectance of dispersed organic matter was determined
under oil immersion at a wavelength of 546 nm.
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Table 2. Sample identification, location and stratigraphic position of Carpathian oil samples.

Fig. 3. Modified van Krevelen diagram showing the Rock Eval hydrogen and oxygen indices
of Menilite and Spaskie shale samples with TOC contents >0.2%. Curves delineate
approximate ranges for organic matter types I, II and III (after Espitalié et al., 1977).
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RESULTS AND DISCUSSION
Bulk analyses
TOC contents of the Oligocene Menilite shales and mudstones ranged from 0.6 to
10.7% and all were in excess of 1.0%, except Sample 25 (Table 1). Other samples with <1%
TOC were sandstones or other lithologies. The richest of the shale and mudstones (TOC
>5%) were found in the northwestern (Gorlice, Folusz and Dukla) and northeastern (Brzegi
Dolne and Nowosiolki) sectors of the study area (Table 1, Fig. 1). The two Cretaceous
samples showed significant TOC contents (3.1 and 0.8%), while the two Paleocene samples
were extremely lean (<0.2%). Rock Eval pyrolyzable kerogen (S2) contents were highly
variable in the Menilite shales, running from 0.1 to 72 mg/g rock, with all above 10 mg/g,
except for sample 13 from Komancza and the southeastern sector samples (i.e., those from
Cisna and Ustrzyki Gorne) (Table 1, Fig. 1). S2 values in the Paleocene and Cretaceous
samples were all low (<2 mg/g). Most Menilite shales in the northern sectors had thermallyextractable bitumen (Rock Eval S1) contents between 2 and 5 mg/g rock, except for Samples
2 and 13. Menilite shales from the southeastern sector had S1 values ≤0.5 mg/g rock. PreOligocene samples were even leaner (S1 ≤0.2 mg/g rock). Concentrations of solventextractable organic matter (EOM) in shales (Table 1) were similar in stratigraphic and
geographic distribution and in magnitude to the S1 values, with the Menilite black shales and
mudstones in the northern sectors being the richest (EOM of 1 to 6 mg/g rock).
Hydrogen indices (HI) were very high (400-860 mg pyrolyzate/g organic carbon) for
most Menilite black shales and mudstones from the northern sectors (Table 1), somewhat
higher than the values reported by ten Haven and others (1993). These samples also had very
low Rock Eval oxygen indices (OI) for the most part, and can thus be classified as having
Type I/II kerogen (Figure 3). Menilite shale samples from Cisna had the lowest hydrogen
and oxygen indices, suggesting high thermal maturity. Samples 21, 24, 25 and 26 are
weathered Menilite shales collected from roadcuts, which likely accounts for their high
oxygen indices. The Cretaceous samples both had low hydrogen indices and the most
weathered of the two had a high oxygen index. The Paleocene samples had such low TOC
contents that HI and OI could not be reliably computed.
Most northern sector samples had Rock Eval temperatures of maximum pyrolysis
yield (Tmax) in the 410-430°C range, indicating low thermal maturity (Table 1). In the
southeastern sector, Tmax values were significantly higher (446-485°C), placing these
samples within or beyond the oil generation window, according to the criteria of Peters
(1986). However, the incongruous TOC (0.12 %) and S2 (1.89 mg/g) values reported for
Sample 16, as well as the very low S2 (0.07 mg/g) of Sample 17 necessitate the cautious
interpretation of the Tmax data for these two southeastern sector samples.
Four Menilite sandstone and chert samples that appeared bituminous in the field were
also analyzed. The Rudawka Rymanowska sandstone (Sample 8) was collected at an
apparent minor oil seep and was found to have high EOM and S1 values (8.3 and 2.5 mg/g
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rock, respectively). All parameters indicated that the other three (Samples 6, 9 and 19) were
organic-lean (Table 1).
The Paleocene and Cretaceous samples provide little evidence of petroleum
generation history or potential. Interpretation is hampered by the high thermal maturity of
the Paleocene and the weathered condition of the Cretaceous samples. In any event, it would
be unwise to form general conclusions based on such a small sample set. Ten Haven and
others (1993) did present another Lower Cretaceous black shale sample, collected ≈30 km
northwest of Weglowka, with similarly poor petroleum potential. The majority of Menilite
black shale and mudstone samples from the northern sectors of the field area were very rich
in organic matter and oil prone, but thermally immature (Table 1). The southeast sector
Menilite samples showed little present potential for oil generation, however, it is most likely
that they were once rich and have already generated. In summary, the bulk geochemical data
consistently demonstrate that the Oligocene Menilite beds contain widespread, high-quality
petroleum source rocks, in accord with the findings of ten Haven et al. (1993).
Organic petrology
Aptian-Albian Spaskie Beds. The Spaskie Beds were represented by two black shales:
Samples 22 and 23 (Fig. 2). Microscopic observation indicated that the organic matter was
mainly vitrinite (kerogen Type III), showing inhomogeneity typical of sub-bituminous rank.
It occurred predominantly as angular fragments, although thin stringers were also quite
common. Occasionally semifusinite was also noticed. There was very little fluorescing
material in both samples; exsudatinite was the most common liptinite maceral. In support of
the Rock Eval classification as Type III kerogen, microscopic observations indicated a
terrestrial origin of most organic matter. Vitrinite reflectance ranged from 0.40 - 0.55% Ro,
with mean values of 0.45 and 0.47% (Table 1). All measurements were taken on angular,
probably recycled, vitrinite fragments, which means that the reported reflectance values could
be higher than those expected for first cycle vitrinite experiencing the same thermal history.
Maturity of these two samples is low — immature or very marginally mature for oil
generation. Angular fragments of solid bitumen with distinct vesicles were present in both
samples. Their very uniform reflectance (1.3%) suggests that they represent a single bitumen
generation event. The difference between the bitumen and vitrinite reflectances indicates that
the solid bitumen is allochthonous (Landis and Castaño, 1995). In accord with the bulk
geochemical results, organic petrologic data demonstrates low maturity and poor petroleum
generation potential for these sediments.
Paleocene Majdan Beds. Majdan Beds were represented by Sample 15, a black limestone
and Sample 16, a black shale (Table 1). Optically detectable organic matter was
predominantly of marine algal origin, with very weak fluorescence, indicating high maturity,
a designation supported by the mean vitrinite reflectance values of 1.43 and 1.28%.
Terrestrial material was rare and was represented by angular fragments of vitrinite and,
rarely, semifusinite. Solid bitumen was present in both samples, with reflectances from 1.8
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to 3.65%. These samples are overmature for oil generation, but they may be a source of
gaseous hydrocarbons.
Oligocene Menilite Beds. Petrological observations were done on 22 samples of black shale,
fine-grained sandstone and chert. Organic matter in sandstones was very sparse and
reworked. However, black shales were very rich in organic matter. Alginite predominated,
occurring as single bodies or layered lamalginite, which usually fluoresced yellow-green.
This was in contrast to Menilite shales from the Ukrainian portion of the basin, in which
amorphous organic matter was preeminent (Koltun, 1992). In many samples, bodies
resembling dinoflagellate cysts were present. The entire groundmass strongly fluoresced
yellow-green in most samples. Vitrinite was very rare and occurred only as angular
fragments. Reflectances were measured on all available material — mostly low-reflecting
bitumen or angular vitrinite. Because of the poor quality of organic material available for
measurements, there may have been some deviation from "true" vitrinite reflectance values.
Mean reflectance values in Menilite samples from the northern sectors of the study area
varied from 0.20 to 0.41% Ro (Table 1), showing these samples to be pre-generative. Sample
18, from the southeastern sector, had a significantly higher reflectance (0.67% Ro), placing it
in the oil window.
Because of the large amount of organic material of alginitic origin revealed by
petrologic observation, it is inferred that Menilite shales have excellent hydrocarbon
generation potential, a conclusion supported by the bulk geochemical data. Although most
samples available for petrological studies were immature outcrop samples, it seems very
likely that this horizon, at areas and depths where it occurs in the catagenetic zone, would
contain probable source rocks for Carpathian oil.
Molecular geochemistry (GC/MS)
Normal and isoprenoid alkanes. Of the seven Carpathian oil samples obtained, saturate
fractions of several (102, 103, 108) were characterized by a broad distribution of C15-C30 nalkanes, with no pronounced carbon number maximum, as exemplified in Figure 4a. These
oils were produced from Oligocene, Eocene and Campanian reservoir sandstones,
respectively (Fig. 2, Table 2). The remaining four oil samples were produced from Eocene,
Paleocene, Albian and Barremian-Aptian reservoirs and were all lacking n-alkanes, as in the
case of Sample 105 (Fig. 4b). This is the hallmark of extensive biodegradation, normally
found in oils from shallow, cool reservoirs (Tissot and Welte, 1984). The biodegraded oils
were indeed produced at relatively shallow depths (420-1160 m, Table 1). Biodegradation
was not simply a function of depth, as Samples 102 and 103 were undegraded, yet were
produced from reservoirs at 230-250 m depths. A similar phenomenon was noted by ten
Haven and others (1993).
Isoprenoids were strong in all oils examined (e.g., Samples 102 and 105, Figs. 4a, b),
except for Sample 106, which had apparently suffered more severe biodegradation. For most
oils, pristane was characteristically more abundant than phytane, with pristane/phytane ratios
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ranging from 1.8 to 2.6 (Table 3). Sample 107 was unique, as the C16 isoprenoid dominated
and the pristane/phytane ratio was low.
One of the most interesting features of the Carpathian oils was the presence of a C25
highly-branched isoprenoid ("HBI": 2,6,10,14-tetramethyl-7-(3-methylpentyl)-pentadecane).
The C25 HBI eluted immediately after n-C21 and has been recognized as a marker for diatom
input (Sinninghe Damsté et al., 1993). This was detected as a minor component in all oils
except Sample 108 and may imply a diatomaceous component in their source rock kerogens.
Ten Haven and others (1993) recognized this compound, particularly in their biodegraded
oils from the western Overthrust, but it appeared to be at relatively higher concentrations in
our central Overthrust oils.
There was considerable variation in the distribution of acyclic alkanes in the Menilite
shales and mudstone extracts. Three principal distribution patterns emerged on their m/z 99
mass chromatograms. Samples 1, 2, 9, 11 and 20 had strong isoprenoids and C23-C31 nalkanes, exemplified in Figure 4c. Samples 1, 2 and 20 were further distinguished by
pronounced odd carbon number preference among these long-chain n-alkanes. Samples 3, 4,
7, 13, 14 and 101 had a relatively equable distribution of acyclic alkanes, similar to the oil
illustrated in Figure 4a, although the chromatogram of Sample 101 was dominated by the C25
HBI. Samples 5 (Dukla), 12 (Komancza), 17 and 18 (Cisna) had a predominance of C15-C22
n-alkanes. The Cisna Menilite samples could be distinguished from the others by their lower
isoprenoid contents (Fig. 4d). The Menilite sandstone extracts tended to show a depletion in
the lower molecular weight acyclic alkanes, probably resulting from their evaporation from
these porous rocks at the outcrop. The weathered black mudstone Sample 25 had a similar
appearance.
The C25 HBI was present in all Menilite black shale and mudstone extracts, except for
those from Cisna. In the latter case, the absence of the HBI likely resulted from the high
maturity of the samples. Since many of the Menilite black shales are siliceous, and biogenic
silica in Tertiary shales is often derived from diatoms, as in the Miocene Monterey Shale of
California, USA (Pisciotto, 1981), the HBI could indeed be markers for organic matter of
diatomaceous origin, in accord with the observations of ten Haven and others (1993). They
were also present as minor components in at least some Monterey samples, as revealed by
reexamination of gas chromatograms of the saturate fractions of extracts from Monterey
shale samples collected in the San Joaquin Basin (Kruge, 1986). It was also present in the
Menilite bituminous sandstone and chert extracts. It was not detectable in the gray shale
from Gorlice (Sample 2), likely reflecting the facies change. Since this unusual compound
was present both in Menilite black shales and in Carpathian oils, it can be used as evidence in
the correlation of the oils to source rocks in the Menilite beds.
The one Majdan black shale available (Sample 16) was characterized by a
predominance of short-chain n-alkanes (C17, C18), relatively minor isoprenoids and an odd
carbon number preference among longer chain n-alkanes (Fig. 4e). Since this sample had a
high vitrinite reflectance value (1.28% Ro), the short-chain alkane predominance and paucity
of isoprenoids are likely attributable to the sample's high maturity level. However, the odd
carbon number preference was incongruous, normally indicative of terrigenously-derived
organic matter of low maturity (Tissot and Welte, 1984).
11

Fig. 4. Mass chromatograms (m/z 99) showing normal and isoprenoid alkane distributions in
the saturate fractions of representative oil and rock extract samples. n-Alkane carbon
numbers were shown; I-16: C16 isoprenoid alkane, NP: norpristane, PR: pristane, PH:
phytane, HBI: "highly-branched" C25 isoprenoid.
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Table 3. Molecular parameters computed for Carpathian rock extracts and oils. PR/PH:
pristane/phytane (m/z 99); ST1: 20R / (20S+20R) C29 5𝛼,14𝛼,17𝛼(H) steranes (m/z
217+218); ST2: C29 5𝛼,14𝛼,17𝛼(H) / [5𝛼,14𝛽,17𝛽(H) + 5𝛼,14𝛼,17𝛼(H)] steranes (m/z
217+218); ST3: triaromatic / (monoaromatic + triaromatic) steroids (m/z 231 for C21:C28
triaromatic and m/z 253 for C27:C29 monoaromatic); ST4:
(C20+C21)/(C20+C21+C26+C27+C28) triaromatic steroids (m/z 231).
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The Spaskie black shale (Sample 22) m/z 99 mass chromatogram was dominated by
odd carbon numbered n-alkanes in the C23-C33 range (Fig. 4f), similar to another Lower
Cretaceous sample reported by ten Haven and others (1993). These results supported the
conclusions of the petrographic and bulk geochemical work, that this sample was of low
thermal maturity (0.45% Ro) and contained admixed Type III organic matter. The C25 HBI
was not detected in the Spaskie or the Majdan shales.
Steroids. The Carpathian oils showed a slight predominance of C28 regular steranes over C27
and C29 on m/z 218 mass chromatograms (Fig. 5a, b; peak identifications in Table 4), placing
them just above the center on a ternary plot of sterane carbon numbers (Fig. 6). Examination
of m/z 217 data revealed great variability in diasterane content among the oils. Samples 106,
107 and 108 were enriched in the rearranged steranes relative to the regular. Samples 102
and 103 had low rearranged to regular sterane ratios. The remainder were intermediate.
Oligocene Sample 102 steranes were dominated by the 𝛼𝛼𝛼 20R stereoisomers (Fig. 5a) and
the standard sterane maturity ratios, (20R/(20S+20R) C29 𝛼𝛼𝛼or "ST1" and C29
𝛼𝛼𝛼/(𝛼𝛼𝛼+𝛼𝛽𝛽) or "ST2", were correspondingly low (Table 3, Fig. 7). Oil from this field
(Trzesniow) was previously noted to be of low maturity (ten Haven et al., 1993). The sterane
maturity ratios of Sample 103 were higher, but still below equilibrium values. The sterane
ratios of the remaining oils were near equilibrium, with Sample 108 the highest (ST1 = 0.60,
ST2 = 0.61). For the aromatic steroid maturity ratio "ST3" (triaromatic/[monoaromatic +
triaromatic]), Sample 102 again was shown to have the lowest value (0.25, Table 3, Fig. 7).
The remaining oils show little variation and were in the 0.39 to 0.51 range. The triaromatic
ratio "ST4" ((C20+C21)/(C20+C21+C26+C27+C28) triaromatic steroids) suggested that
Sample 108, from the Campanian reservoir at Potok, with ST4 = 0.57, was significantly more
mature than the other oils, which had ST4 in the 0.09 to 0.24 range (Table 3). While there
was some uncertainty reported concerning the maturity of the oil from this pool (ten Haven et
al., 1993), our steroid ratio data (ST1, ST2 and ST4) support a high maturity designation.
Steranes of the majority of Menilite shale and sandstone extracts had a slight C28
enrichment and thus resembled the Carpathian oils (Figs. 5a-d, 6). The gray shale from
Gorlice (Sample 2) and black mudstones from the extreme eastern margins of the study area
(Samples 20 and 25) had lesser concentrations of C27 steranes, suggesting minor variations in
organofacies. The extract of Paleocene Sample 16 (Fig. 5e) is relatively depleted in C28 and
enriched in C29 steranes compared to the Menilite extracts, indicating a significant difference
in organic facies. The Cretaceous example (Fig. 5f) shows a relative enrichment in C29
steranes, indicative of a major terrestrial organic matter component. This inference was
supported by the bulk geochemical, petrographic and acyclic alkane data discussed above.
The sterane carbon number distributions demonstrated that many of the Menilite black shale
and mudstone extracts closely match the Carpathian oils, whereas the Paleocene and
Cretaceous samples do not (Figs. 5, 6).
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Fig. 5. Mass chromatograms (m/z 218) showing distributions of regular steranes in the
saturate fractions of representative oil and rock extract samples. See Table 4 for peak
identifications.
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Table 4. Sterane peak identifications used in Fig. 5.
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Fig. 6. Sterane carbon number distributions of Carpathian oils and rock extracts. Only the
central portion of the ternary diagram is shown, such that the range for each component is
from 18 to 64%. Data were from quantitations of 5𝛼,14𝛼,17𝛼 20R steranes using the sum of
m/z 217 and 218. Numbers identify samples outside the central grouping.

Fig. 7. Thermal maturity trends among Carpathian oils and rock extracts, based upon the
steroid ratios "ST1" and "ST3" (Table 3). Higher values of the ratios indicate higher
maturity. Samples are identified by number (Tables 1 and 2).
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The steroid ratios taken together indicate that the rock extracts from southeastern
sector (Cisna and Ustrzyki Gorne) Samples 16-19 and 25 were the most thermally mature of
the sample set (Table 3, Fig. 7). The aromatic steroid ratios, in particular ST4, suggest that
the Cisna shale and mudstone extracts were even more mature than any of the oils. The
extract of Sample 16, the Paleocene black shale, shows the highest degree of thermal
alteration (ST4 = 1.00), which, in conjunction with its high vitrinite reflectance (1.28% Ro),
placed this sample beyond the oil window. The other extract samples had significantly lower
steroid ratios (Table 3), indicating that they were at sub-oil window maturity levels, again in
accord with the vitrinite reflectance data. The apparent low maturity of the oil from the
Oligocene reservoir (Sample 102) could have arisen from "early" generation or from mixing
of immature bitumen with mature oil sourced from a greater depth. Such ambiguity arises in
oils produced in the fractured reservoirs in the siliceous, organic-rich Monterey Shale of
California (Kruge, 1986), which this study recognizes as sharing key geochemical and
lithological traits with the Menilite beds. The Gorlice samples in the far west and the Brzegi
Dolne sample in the far east were consistently shown to be the least mature of the Menilite
shales. This is in accord with the acyclic alkane data, which showed these same samples to
have the highest isoprenoid/n-alkane ratios and the strongest n-alkane odd carbon number
preference. The bituminous sandstones from Dukla, Rudawka Rymanowska and Cisna all
had steroid maturity ratios equal to or slightly less than those of the Menilite shales in their
vicinity, suggesting local sourcing of their bitumen.
Pentacyclic triterpanes. Hopane distributions of oil Samples 103 through 108 were
dominated by the C30 17𝛼,21𝛽(H) hopane, exemplified by the m/z 191 mass chromatogram
in Figure 8a. The C29 and C27 hopanes were of secondary importance. Extended
17𝛼,21𝛽(H) hopane concentrations decreased with increasing carbon number from C31
upward. Oligocene Sample 102, while otherwise having a hopane distribution like the other
oils, had a strong 28,30-dinor-hopane peak on its m/z 191 mass chromatogram (Fig. 8b).
Another oil from this field (Trzesniow) had the same feature (ten Haven et al., 1993). As the
Monterey shales and their genetically-related oils often contain relatively high concentrations
of 28,30-dinor-hopane (Curiale et al., 1985), this is yet another similarity noted between
Carpathian and Californian samples. In several other oils (Samples 103, 104 and 105) 28,30dinor-hopane was detectable, but concentrations were relatively lower, perhaps due to higher
maturity (Curiale et al., 1985). All the oil samples contained relatively small amounts of
18 (H)-oleanane, a phenomenon previously observed for Carpathian petroleums (ten Haven
et al., 1993), indicating a minor contribution from terrestrial (angiosperm-derived) organic
matter.
Menilite black shale and mudstone extracts from the northwestern sector resembled
the oils in their hopane distributions, except that the extended hopanes tend to be stronger
(Fig. 8c). Gorlice samples do not fit this generalization, as they also contain
17𝛽,21𝛽(H) hopanes, hopenes, strong moretanes and weak extended hopanes with the 22S
configuration, due to their extremely low thermal maturity. 28,30-dinor-Hopane was a minor
peak on the m/z 191 traces of most the northwestern samples (e.g., Fig. 8c). It was the
dominant hopane in the Krosno core sample (Fig. 8d), but was not detected in Samples 5 and
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7 (Dukla) and Samples 13 and 14 (Komancza). As in the case of the Monterey Shale
(Curiale and Odermatt, 1989), 28,30-dinor-hopane contents in the Carpathian samples were
highly variable, a phenomenon also noted by ten Haven and others (1993). The lack of 22S
extended hopanes was also apparent in the Krosno extract, confirming its low level of
thermal alteration. Sample 20 (Brzegi Dolne) was also notable for its high dinorhopane and
low 22S extended hopane concentrations, although it was distinctive from Sample 101,
having relatively more C29 and C31 17𝛼,21𝛽(H) hopanes. The Cisna and Ustrzyki Gorne
samples (including Eocene Sample 16) had low overall hopane concentrations and lacked
18𝛼(H)-oleanane, likely due to their thermal degradation at the samples' high maturity levels.
All other Menilite rock samples contained minor amounts of 18𝛼(H)-oleanane, a feature
shared with the oils. In general, while some organofacies variations were observed, the
Menilite beds contain source rock facies which can be reasonably matched with Carpathian
oil deposits.
The Spaskie extract presented a hopane distribution unlike that of any of the oils or
Oligocene rock extracts (Fig. 8e). The relatively high concentrations of C31 17𝛼,21𝛽(H) 22R
hopane, 17𝛽,21𝛽(H) hopanes, moretanes and hopenes were in accord with its designation as
a low maturity sample. 18𝛼(H)-oleanane was not detected, consistent with its Early
Cretaceous age, i.e., prior to the evolution of angiosperms (Moldowan et al., 1994).
Tricyclic and tetracyclic terpanes. Among the C20 to C26 tricyclic terpanes in the Carpathian
oils, the C23 homologue was the most abundant, with C24 and C20 or C21 of secondary
importance (Fig. 9a). Distributions were similar in most of the rock extracts, although some
variations were noted, such as Sample 12, which had a relatively higher concentration of the
C25 tricyclics (Fig. 9b). In all samples, the tricyclic terpanes were roughly an order of
magnitude less abundant than the hopanes.
Of greater interest was the occurrence of several C24 tetracyclic terpanes. In addition
to the ubiquitous tetracyclic (17,21-secohopane, peak y in Fig. 9), Carpathian oil and Menilite
extract samples had two additional compounds (peaks w, x), whose mass spectra both had a
m/z 191 base peak, a molecular ion at m/z 330 and an important M+(-15) fragment at m/z
315. Since these were the same spectral characteristics observed for GC peak y, these
unknown compounds were determined to also be C24 tetracyclic terpanes. The compounds
represented by peaks w and x had similar GC retention indices and mass spectra to C24
tetracyclic terpanes previously identified as 10𝛽(H)-des-A-oleanane and 10𝛽(H)-des-Alupane, respectively (Woolhouse et al., 1992). Therefore we tentatively assign the
compounds of peaks w and x as these ring-A degraded triterpanes. Woolhouse and coworkers found these triterpanes in terrestrially-sourced oils, associated with the higher plant
biomarker 18𝛼(H)-oleanane, which coincidentally occurred as a minor compound in many of
the Carpathian oils and extracts, as discussed above. The presence of the ring-A degraded
triterpanes, if confirmed, would provide further evidence for a minor terrestrial organic
matter component in the Carpathian samples.
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Fig. 8. Mass chromatograms (m/z 191) showing distributions of hopanes in the saturate
fractions of representative oil and rock extract samples. See Table 5 for peak identifications.
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Table 5. Hopane peak identifications used in Fig. 8.
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Fig. 9. Mass chromatograms (m/z 191) showing distributions of tricyclic and tetracyclic
terpanes in the saturate fractions of representative oil and rock extract samples. Tn: tricyclic
terpanes, where "n" indicates the carbon number, w: 10𝛽(H)-des-A-oleanane (tentative), x:
10𝛽(H)-des-A-lupane (tentative); y: 17,21-secohopane.
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The tentatively-assigned ring-A degraded triterpanes (peaks w and x) were found in
oil Samples 102 (Fig. 9a), 103 and 105. Only peak w was noted on the m/z 191 mass
chromatograms of the other oils, which may be due to those samples' apparently higher
thermal maturity, as evidenced by the steroid ratios (Fig. 7, Table 3). Most Menilite black
shale and bituminous sandstone extracts had the ring-A degraded triterpanes in high
concentrations relative to the secohopane and the tricyclics (Fig. 9b). However, it was
difficult to recognize them with confidence in samples at extremes of low (Samples 1, 2, 20
and 101) and high maturity (Samples 17, 18, 19 and 25). The compounds were not detected
in the Cretaceous and Eocene samples. Thus the ring-A degraded triterpanes appear to be
distinctive biomarkers for the Menilite organic matter, at incipient oil generation and oil
window maturity levels. These compounds provide yet another line of evidence
demonstrating a genetic relationship between Carpathian oils and the Menilite black shales.
Analytical Pyrolysis. Several of the low maturity Menilite extracted rock samples were
examined by pyrolysis-gas chromatography/mass spectrometry to further assess the source
rock potential of this stratigraphic unit. The pyrogram of Sample 1, from Gorlice in the
northwest, showed prominent alkylbenzene and alkylthiophene peaks, as well as prist-1-ene
(Fig. 10a). Normal alkanes and alkenes, phenols, indenes and naphthalenes were significant
secondary components. Sample 5 from Dukla exhibited a strongly aliphatic character, having
a pyrogram dominated by normal alkanes and alkenes, with a maximum at C13 (Fig. 10b).
While alkylbenzenes and prist-1-ene were still strong, thiophenes and phenols were relatively
less important than in Sample 1. The pyrolyzate of Sample 101, collected from a core about
10 km northeast of Dukla, showed a similar aliphatic character, except that it had a maximum
at n-C19 and had low prist-1-ene concentrations. Sample 20, from Brzegi Dolne in the
northeast, resembled Sample 1, but had higher concentrations of longer chain aliphatic
hydrocarbons (carbon numbers >15) and phenols, reflecting a mixed organic matter
assemblage. Typical Monterey kerogen pyrolyzates differ from those of the Menilite, being
consistently rich in alkylthiophenes and alkylpyrroles (e.g., Stankiewicz et al., 1994). The
Cretaceous sample from Nowosiolki was not analyzed due to its low TOC content and the
improbability that it could generate significant amounts of petroleum.
Asphaltenes isolated from two representative petroleum samples were also subjected
to analytical pyrolysis, as part of the source rock-oil correlation exercise. The asphaltene
pyrolyzates of oils 102 and 107 were similar overall, both showing a predominance of normal
hydrocarbons and alkylbenzenes (Fig. 11). GC/MS analysis of the saturate fraction of
Sample 107 had revealed a lack of n-alkanes, indicating biodegradation. Nonetheless,
pyrolysis of its asphaltenes permitted a regeneration of aliphatics, useful for organic matter
typing and correlation purposes. The most noticeable differences between the two samples
were the higher concentrations of prist-1-ene and shorter chain (<C19) n-alkenes in oil 102,
due to a lower level of thermal maturity. As with the shale samples, indenes and
naphthalenes were important secondary components. Thiophenes and phenols, on the other
hand, were present in much lower concentrations in the asphaltene pyrolyzates.
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Fig. 10. Total ion current traces of the pyrolyzates of representative CH2Cl2-extracted
Menilite shale samples. Δ: n-alkene and +: n-alkane, with carbon numbers shown in boxes.
Pr: prist-1-ene, Is: other isoprenoids. Bn: alkylbenzenes, ϴn: alkylthiophenes, Φn:
alkylphenols, In: alkylindenes, Nn: alkylnaphthalenes, where n = extent of alkylation (B1 =
methylbenzene, etc.).
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Fig. 11. Total ion current traces of the pyrolyzates of two Carpathian oil asphaltenes. Peak
identifications as in Fig. 10.
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The Menilite shale pyrolyzates show considerable variability in aliphatic and
heterocompound content. Yet even among the small subset of four samples which were
analyzed, there was one (Sample 5, Fig. 10b) which closely resembles the asphaltenes of at
least one oil (Sample 107, produced from the Barremian-Aptian Wierzowskie beds in
Weglowka, Fig. 11b). Comparison of these two pyrograms reveals a good correlation in
details such as the distribution of normal hydrocarbons, including the n-alkene maxima at
C13 and C10, and in the relative amounts of alkylbenzenes and alkylnaphthalenes. Pyrolysis
provides clear additional evidence that certain facies within the Menilite beds are reasonable
candidate source rocks for the Carpathian petroleums.
The most significant difference between the oil asphaltenes and rocks was the greater
importance of thiophenes in the shale pyrolyzates (Figs. 10, 11). One would have expected
oils generated from the Menilite shales to have greater organic sulfur contents. Oils from the
central Carpathian Overthrust examined for this study do tend to be low in sulfur, but other
oils in the region (from the eastern Overthrust and the Foredeep to the north) are more
sulfurous (ten Haven et al, 1993). These authors postulated a slightly earlier generation for
these latter oils, a hypothesis which is consistent with our pyrolysis data. Thus, the Menilite
kerogens would have been preferentially depleted in thiophenic sulfur during the first phase
of generation, the products of which are apparently no longer preserved in central Overthrust
petroleum reservoirs.
Implications for petroleum generation and migration
According to the evidence provided by the biological marker compounds and
pyrolyzates, the organic matter of the Oligocene Menilite shales has been shown to be
chemically compatible with Carpathian petroleums. They tended to be rich in oil-prone
kerogen and exhibited a range of thermal maturities above, within and below the oil window,
as indicated by the petrographic and chemical evidence. Thus, in terms of quality and
quantity of organic matter, they are certainly excellent candidate source rocks, confirming the
conclusions of earlier studies (e.g., Gucik, 1980; Kruge et al., 1991; ten Haven et al., 1993).
Having found Menilite shales at a wide range of thermal maturities, from pre-generative to
mid-oil window levels, it is evident that oil has certainly been generated from this unit in the
Overthrust.
Since the majority of oils sampled (and produced in the region) were from Cretaceous
and Lower Tertiary reservoirs (Fig. 2), a plausible scenario for the secondary migration of
Oligocene oil into older rocks is required. The Polish Carpathian petroleum province is a
zone of complex, Alpine-style tectonism. The relative positions of the various nappes
promoted tectonic thickening and repeated stratigraphic sequences. Because of the complex
overthrusting, Oligocene potential source rocks do indeed occur beneath Paleogene and
Cretaceous reservoir sandstones (Stupnicka, 1989; ten Haven et al., 1993), allowing for
several possible petroleum migration pathways, the details of which are beyond the scope of
this article.
Due to the rarity of their exposure in outcrops, only one Paleocene and one
Cretaceous rock were examined in detail for this study. Both were organic-lean and did not
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contain oil-prone kerogen. However, our collection of older samples was, of course, too
small to exclude the possibility that other rocks of suitable source character, particularly
Barremian-Albian, may exist in the region. An additional, unspecified number of Lower
Cretaceous shales were screened by Rock Eval pyrolysis, but oil-prone samples were not
found (ten Haven et al., 1993). We would recommend that further attempts be made to locate
suitable Cretaceous samples, perhaps from drill cores, for geochemical evaluation.
Summary and Conclusions
1) The organic-rich Oligocene Menilite black shales and mudstones are widely distributed in
and near the Slaska nappe. Older black shales were less common in surface exposures
and, when found, were not rich in organic matter.
2) Because of the large amount of organic material of alginitic origin revealed by petrologic
observation, it is inferred that Menilite shales have excellent hydrocarbon generation
potential, a conclusion supported by the total organic carbon and Rock Eval data.
3) Menilite extractable organic matter was characterized by an equable distribution of
steranes by carbon number, by varying amounts of 28,30-dinor-hopane, and by a
distinctive group of C24 ring-A degraded triterpanes.
4) The Menilite samples ranged in maturity from pre-generative to mid-oil window levels,
with the most mature in the southeast.
5) Oils examined in this study were similar in composition to the Menilite rock extracts in
their distributions of steranes, hopanes and other terpanes. They did not match the one
Paleocene and one Cretaceous rock examined in this study. However, our collection of
older samples was too small to conclusively rule out the possibility that other rocks of
suitable source character, particularly Barremian-Albian, may exist in the region.
6) Similarities in aliphatic and aromatic hydrocarbon distributions between petroleum
asphaltene and source rock pyrolyzates provided a supplementary line of evidence
genetically linking Menilite kerogens with Carpathian oils, although the kerogen
pyrolyzates tended to have higher relative concentrations of alkylthiophenes.
7) Oils were at thermal maturity levels comparable to the middle and upper ranges observed
in the Menilite rocks.
8) The complex tectonics of the region frequently lead to repeated sections and to the
superposition of older rocks above younger. Thus, there exists a large number of possible
geometric relationships between source and reservoir rocks.
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